Camphorquinone (CQ) derivatives having acylphosphine oxide (APO) group are unknown. This study synthesized such a novel 7,7-dimethyl-2,3-dioxobicyclo[2.2.1]heptane-1-carbonyldiphenyl phosphine oxide (DOHC-DPPO = CQ-APO). Ultraviolet and visible (UV-VIS) spectra of CQ-APO, CQ, and APO were measured. Photopolymerization performances of experimental light-cured resins comprising these photoinitiators were investigated. Newly synthesized CQ-APO showed as a pale yellow crystal (mp 365K). UV-VIS spectrum of CQ-APO showed two maximum absorption wavelengths (λmax) [372 nm (from APO group) and 475 nm (from CQ moiety)] within 350-500 nm. Unfilled resin containing CQ-APO exhibited good photopolymerization time (9.6 sec) and relaxed operation time (50 sec), as well as a pronouncedly lower b value (4.0) in the CIELab color specification system than that containing CQ (84.0). Resin composites containing CQ-APO, exhibited high flexural strength . It was concluded that CQ-APO possessed two λmax peaks within 350-500 nm, and that CQ-APO-containing resins exhibited excellent color tone, good photopolymerization reactivity, relaxed operation time, and high mechanical strength.
INTRODUCTION
Since an advanced photoinitiator is an attractive target for designing light-cured dental resins, numerous studies have tirelessly explored and sought for a more efficient photoinitiator technologies. By virtue of its outstanding performance for light-cured resins in dentistry, D,L-camphorquinone (CQ)/tertiary amine system has hitherto been recognized as an extremely valuable visible-light initiator system since the invention by Dart and Nemcek 1) in 1971. For the initiation mechanism, CQ [maximum absorption wavelength (λmax): 468 nm] undergoes a socalled hydrogen abstraction type photoinitiation mechanism in which CQ (a sensitizer) absorbs light to form a photoexcitation complex (CQ*-amine exciplex) with a tertiary amine (a hydrogen-donating agent) generating amine-derived free radicals 2) . Although CQ/tertiary amine is an effective photoinitiator system, its inherently large b value in the CIELab color specification system -which is consequently manifested as a yellow tinge -poses a problem to its use in esthetic dental restorative resins. Another major drawback of CQ/tertiary amine is also related to its absorption wavelength. The α-diketone group, derived from CQ, has peak absorption in the visible range. This meant that photoinitiation can occur readily under ambient light such as fluorescent lamps and dental lamps in dental clinics, hence resulting in fast photopolymerization rate and high viscosity of bonding agent or resin composite paste within a short therapeutic operation time. In other words, when photopolymerization becomes too fast, it becomes too difficult to control and hence renders therapeutic operation difficult.
On CQ derivatives, a previous patent 3) disclosed that 10 kinds of CQ derivatives, such as 2,3-dioxobicyclo [2.2.1]heptane, with adhesive functional groups possessed λmax ranging between 459 and 472 nm. This meant that they could initiate visible light polymerization like CQ. Although these CQ derivatives were expected to be effective in promoting adhesion, concerns related to color tone remained to be investigated and addressed.
Acylphosphine oxide (APO) and bisacylphosphine oxide (BAPO) derivatives have received considerable attention because of their inherently interesting photochemistry and photophysics and because they are widely employed as photoinitiators in free radical polymerization processes of photoradiation industries 4) . They have recently gained new attention in dentistry.
APO and BAPO undergo so-called α-cleavage type photoinitiation mechanisms (Norrish type I systems) 4, 5) in which APO undergoes homolytic α-cleavage at the C-P bond to generate two free-radical species, namely [-(O=)C • ] and [ • P(=O)<]. Both free-radical species are capable of initiating the polymerization, although with different rate constants 4, 5) . Unlike CQ/tertiary amine system, APO does not require accelerators such as tertiary amines, which might cause adverse interaction with acidic adhesive monomers 2, 6) . In a recent study 7) , APO and BAPO were found to exhibit similarly high photoinitiation reactivity, as well as comparable photoinitiation ability with CQ/tertiary amine system when irradiated using a dental halogen lamp. However, APO exhibits poor photopolymerization reactivity when irradiated by a blue LED (light emitting diode) dental curing light (420-510 nm, λmax 455 nm) because of differences in light absorption range. A recent patent 8) claimed that a physically mixed, visible-light curing initiator consisting of APO compound, CQ derivative, and aliphatic amine exhibited excellent photoinitiation reactivity when irradiated by both visible light and ultraviolet light curing lights.
However, this physically mixed photoinitiator did not solve the two lingering problems related to the use of CQ: short operation time and a high b value which is manifested as a yellow tinge.
A compound having both α-diketone [-C(=O)-C(=O)-] and acylphosphine oxide [>P(=O)-C(=O)-] groups bound intramolecularly is unknown. Our research strategy thus newly designed a novel camphorquinone derivative having acylphosphine oxide group, 7,7-dimethyl-2, 3 -dioxobicyclo [2. 2. 1] heptane -1 -carbonyldiphenylphosphine oxide (DOHC-DPPO=CQ-APO), to overcome the subjects described above.
The aims of this study were to investigate on the following aspects: (1) synthesis of a novel CQ-APO; (2) the ultraviolet and visible (UV-VIS) spectral behavior of CQ-APO; and (3) the photopolymerization performances of experimental unfilled resins and resin composites containing CQ-APO, in terms of photopolymerization reactivity, photopolymerization time, operation time, color tone, and mechanical strength. Figure 1 depicts a schematic illustration of the threestep synthesis of CQ-APO. As all reaction products have a photosensitive group in their structures, a hydrophobic solvent was used and all syntheses were conducted in a dark room which was shielded from ambient light containing ultraviolet light and visible light 7) .
MATERIALS AND METHODS

Synthesis of CQ-APO
Step 1:
In 50 ml of acetic acid, 2-oxo-1-apocamphancarboxylic acid (D,L-ketopinic acid) (9.1 g, 50 mmol) and selenium dioxide (SeO2) (7.77 g, 70 mmol) were refluxed at 390K for 18 hours. After cooling, the reaction mixture was evaporated to dryness. The residue was dissolved in ethyl acetate and washed with water. The ethyl acetate layer was dried with sodium sulfate, filtered and concentrated, and then recrystallized from ethyl acetate and hexane to obtain the crystalline CQ-COOH (8.2 g, 83.0% yield).
Step 2: 7,7-dimethyl-2,3-dioxobicyclo[2. ) of an acylphosphine oxide group were produced. The reaction mixture was concentrated and washed with a large amount of dry n-hexane (200 mL).
The precipitate formed was filtered and washed with dry nhexane to obtain the crystalline CQ-APO (7.7 g, 86.0% yield).
All reagents employed in the three-step synthesis were purchased from Wako Pure Chemicals Industries (Osaka, Japan) and used without further purification. The structures of synthesized compounds were identified by FT-IR spectroscopy (FT-IR 8400S, Shimadzu Co., Kyoto, Japan) and elemental analysis (Elemental Organic Analyzer CHN CORDER, Model 12) , and 4-acryloyloxyethyl trimellitic acid (4-AET) 12) were synthesized according to the respective methods previously reported. Structural formulas of CQ, TMDPO, EDAB, and Tin-Lau are shown in Fig. 2 .
Preparation of experimental light-cured dental resins
Experimental unfilled, light-cured dental resins and light-cured dental resin composites were prepared in a dark room. For unfilled resins, they were prepared as solutions containing photopolymerization initiators that selectively comprised synthesized CQ-APO, CQ, TMDPO, EDAB, and radical polymerizable monomers (Bis-GMA, TEGDMA) according to the compositions shown in Table 1 . For resin composites, they were prepared as pastes using a mixing machine and which contained CQ-APO, Tin-Lau, TMDPO, UDMA, Bis-GMA, TMPT, 4-AET, silica fillers (average diameter: 1.5 µm, treated with a silane coupling agent), and fine particle fillers (Aerosil R-972, Nippon Aerosil, Tokyo, Japan) according to the compositions listed in Table 2 .
Measurement of UV-VIS spectra
For CQ-APO, CQ, and TMDPO, their ultraviolet-visible (UV-VIS) spectra before and after light irradiation were measured. Before light irradiation, each sample (1 mmol) was dissolved in dry toluene and placed in a crystal cell (cell length: 10 mm). UV-VIS spectrum was then measured using an UV-VIS spectrophotometer (Hitachi U-3310, Hitachi Co. Ltd., Tokyo, Japan). After light irradiation, each sample in the crystal cell was irradiated with a dental visible light apparatus (wavelength: 375-575 nm; light intensity: 100 mW/cm 2 ) (Grip Light II, Shofu Inc., Kyoto, Japan) for 60 seconds, and the corresponding UV-VIS spectrum thereby measured.
Photopolymerization reactivity
To investigate the photopolymerization reactivity under different curing light sources, each experimental lightcured resin (ca. 30 mg) was put on a mixing pad and irradiated with the respective curing lights. Two kinds of curing light sources were investigated in this research: a halogen (Hal) lamp (Grip Light II, Shofu Inc., Kyoto, Japan) versus a light emitting diode (LED) curing light (Elipar FreeLight 2, 3M ESPE, Minneapolis, MN, USA). The irradiation conditions 
Ingredients (parts by weight)
UR Table 1 Compositions of experimental, unfilled, visible-light curing dental resins with Hal were: 30 seconds of irradiation time, light intensity at 650 mW/cm 2 , wavelength range of 375-525 nm, and λmax at 500 nm. With LED, the irradiation conditions were: 10 seconds of irradiation time, light intensity at 635 mW/cm 2 , wavelength range of 420-510 nm, and λmax at 455 nm.
The photopolymerization reactivity rates of the experimental light-cured resins were scored using the following scoring system (A-D), where A: extremely high photopolymerization reactivity; B: high photopolymerization reactivity; C: low photopolymerization reactivity; and D: no photopolymerization reactivity. To perform the scoring, a stainless needle was positioned on the surface of light-cured resin after light irradiation with Hal or LED to visually assess the qualitative degree of polymerization.
Photopolymerization time measurement with differential scanning calorimeter
Photopolymerization time was measured according to a method 7) previously reported. Briefly, a resin sample (8.00±0.25 mg) was weighed in a small aluminum pan. Then, both the empty aluminum pan and the one placed with a resin sample were placed in a differential scanning calorimeter (DSC; Thermoflex TAS 200 series DSC 8230D, Rigaku Co. Ltd., Tokyo, Japan) at room temperature and irradiated with a halogen lamp (Grip Light II, Shofu Inc., Kyoto, Japan). The latter was connected to the DSC using a glass fiber (photo-DSC), and the irradiation conditions were as follows: light intensity at 80 mW/cm 2 and light emission wavelength ranged between 375 and 575 nm. Distance between the resin sample in aluminum pan and the glass fiber probe was 60 mm. Photopolymerization time (speed) in seconds was determined based on the maximum value of heat flow measured using a photo-DSC curve.
Measurement of operation time until gelation under dental lamp
To evaluate the operation time until gelation, an experimental light-cured resin (ca. 30 mg) was put on a mixing pad at a distance of 1.0 m under a dental halogen lamp (Luna-Vue S, Morita Seisakusho K. K., Kyoto, Japan) with an illuminance of 10,000 Lx (±2,000 Lx). The resin sample was observed up to a maximum of 150 seconds, and the time until gelation occurred was recorded as the operation time in seconds. A stainless needle was positioned on the surface of lightcured resin to qualitatively determine the occurrence of gelation.
Color difference measurement for light-cured dental resins A resin sample was packed into a stainless steel ring mold and pressed with two glass covers from the upper and lower ends. Both surfaces were then irradiated for 3 minutes each using a dental halogen lamp (TWIN-CURE, Shofu Inc. Kyoto, Japan) to produce a disk specimen (diameter: 15 mm, thickness: 2 mm). The prepared disk specimen was measured for color difference using the L*a*b* color specification system with a color difference meter (Color Guide 45/0, BYKGardner GmbH, Germany).
Immediately after disk preparation and 24 hours later at 343K (70°C), the L, a, and b values of the disk specimen were measured. The color difference in terms of ΔE and Δb were then calculated as follows:
In the above equation, Li, ai and bi are the respective values of L, a and b immediately after disk preparation, whereas Lf, af and bf are the respective values measured after 24 hours at 343K (70°C).
Measurement of flexural strength and flexural modulus
Based on ISO specification for flexural strength testing of dental resin-based restorative materials, test specimens (2×2×25 mm) of cured resin composites were thus prepared. After irradiation was performed with Note: Tin-Lau: dibutyltin dilaurate, UDMA: dimethacryloyloxyethyl-2,2,4-trimethylhexamethylene diurethane, TMPT: trimethylolpropane trimethacrylate, 4-AET: 4-acryloyloxyethyltrimellitic acid, Definitions for CQ-APO, TMDPO, and Bis-GMA are as per those described under Table 1 . Table 2 Compositions of experimental, visible-light curing dental resin composites Grip Light II (Hal) (Shofu Inc., Kyoto, Japan), the specimens were placed in 37°C water. Twenty-four hours later, flexural strength and flexural modulus were measured using a three-point flexural strength test at a distance of 20 mm between the supports, using a mechanical testing machine (Instron 5543, Instron Co., USA) at a crosshead speed of 1.0 mm/min.
Statistical analysis
For the measured data of photopolymerization time, operation time, flexural strength, and flexural modulus, their means and standard deviations (n=5) were calculated. The results were subjected to one-way analysis of variance (ANOVA) followed by NewmanKeuls multiple comparison test.
RESULTS
Synthesis of CQ-APO
Step 1: CQ-COOH A pale yellow crystal, which was less yellowish than CQ in the crystalline form, was obtained in 83.0% yield with a melting point (mp) of 512K. The FT-IR spectrum (neat: cm -1 ) recorded the carbonyl absorption band (νC=O: 1766.52, 1749.51) of α-diketone and νC=O (1693.57) of -COOH.
Step 2: CQ-COCl A pale yellow crystal, which was less yellowish than CQ, was obtained in 92.2% yield with a mp ranging between 394 and 397K. In the FT-IR spectrum (neat: cm -1 ), the νC=O absorption band (1776.44) of acid chloride group [-C(=O)-Cl] was recorded, whereas the νC=O absorption band (1693.57) of -COOH was disappeared.
According to elemental analysis, Calcd for C10H11ClO3: C, 55.96%; H, 5.17%. Found: C, 56.18%; H, 5.33%.
Step 3: CQ-APO After Michaelis-Arbuzov reaction for CQ-APO, a pale yellow crystal which was less yellowish than CQ was obtained in 86.0% yield with a mp of 365K. The calculation based on the starting material used in the first step for CQ-APO synthesis was 65.8%. In the FT-IR spectrum (neat: cm According to elemental analysis, Calcd for C22H21O4P: C, 69.47%; H, 5.56%. Found: C, 69.16%: H, 5.71%. Taken together, results from all these analyses identified the synthesized product as a novel CQ-APO. Figures 3-5 show the UV-VIS spectra of CQ-APO, CQ, and TMDPO in dry toluene before (bold curved lines) and after (thin curved lines) light irradiation with a dental halogen (Hal) lamp. Table 3 presents the measured data for maximum absorption wavelength (λmax) and maximum absorption coefficient (εmax). For the UV-VIS spectrum of CQ-APO (Fig. 3) , continuous absorption is shown at 350-500 nm, whereby two εmax values at 74.6 M -1 cm -1 (λmax=372 nm) and 7.0 M -1 cm -1 (λmax=475 nm) were recorded. For CQ (Fig. 4) , the measured data were εmax=37.2 M -1 cm -1 at λmax=472 nm. For TMDPO (Fig. 5) Table 4 presents the results of photopolymerization reactivity, photopolymerization time, operation time until gelation, and color tone of experimental, unfilled, visible-light curing dental resins.
UV-VIS spectra
Photopolymerization performances of CQ-APO in experimental unfilled resins
Color tone
For the color tone of unfilled resin containing CQ alone (UR-2), the positive b value -which describes the intensity of the yellow shade -was excessively high at 84.0. With the mixed systems of CQ/TMDPO (UR-4), CQ/EDAB (UR-6), and CQ/EDAB/TMDPO (UR-7), there were no large differences among their L values, but their b values were extremely large at 87.8, 83.1, and 88.8 respectively.
On the contrary, the b value of CQ-APO alone (UR-1) was excessively low at 4.0, hence exhibiting a more excellent color tone being at 1/21 of CQ alone and about 1/22 of CQ/TMDPO. Similarly, the mixed system of CQ-APO/EDAB (UR-5) showed an extremely small b value of 6.4, which was about 1/13 of CQ/EDAB (UR-6) and CQ/EDAB/TMDPO (UR-7).
On the measured color differences for the resins Note: UV-VIS spectra were measured in dry toluene with a dental halogen (Hal) lamp (light intensity: 100 mW/cm 2 , wavelength region: 375−525 nm, λmax=500 nm). Definitions for CQ-APO, CQ, and TMDPO were as per those described under Table 1 . Table 3 Maximum absorption wavelengths (λmax) and maximum absorption coefficients (εmax) recorded in the UV-VIS spectra of CQ-APO, CQ, and TMDPO before and after light irradiation
Reactivity ( 2. Photopolymerization reactivity CQ alone showed insufficient reactivity with both Hal and LED curing light sources. TMDPO alone exhibited an excellent reactivity with Hal curing light, but no reactivity with LED curing light. CQ/EDAB and CQ/EDAB/TMDPO, which were physically mixed conventional photoinitiators, exhibited excellent reactivity with both Hal and LED curing lights. As for CQ-APO alone, it exhibited excellent reactivity with Hal curing light -surpassing the reactivity exhibited by CQ alone. For the mixed system of CQ-APO/EDAB, it exhibited excellent reactivity with both Hal and LED curing lights.
Photopolymerization time and operation time
Both CQ/EDAB and CQ/EDAB/TMDPO exhibited short photopolymerization time -10.9 and 8.5 seconds respectively, as well as a very short operation time of 5.0 seconds. The mixed system of CQ-APO/EDAB also exhibited a short photopolymerization time (9.6 seconds), but a relaxed operation time (50 seconds).
Statistical analysis (ANOVA) showed that there were no significant differences among all the photopolymerization times of unfilled resins tested (p>0.05). However, significant differences in operation time were found between CQ-APO/EDAB and CQ/EDAB or CQ/EDAB/TMDPO (p<0.05). Table 5 presents the results of photopolymerization reactivity, photopolymerization time, operation time until gelation, flexural strength and flexural modulus, and color tone of experimental, visible-light curing dental resin composites.
Photopolymerization performances of CQ-APO in experimental resin composites
On color tone, the b values of all experimental resin composites ranged between 16.7 and 18.7. As for their corresponding ΔE and Δb parameters, they yielded small values.
On photopolymerization performance, all the resin composites tested exhibited excellent photopolymerization reactivity with both dental Hal and LED curing light sources and rapid photopolymerization ranging between 8.8 and 14.4 seconds. While photopolymerization times were short, the resin composites exhibited reluxed operation times ranging between 125 and 150 seconds. On mechanical properties, the resin composites exhibited high flexural strength (113.5-133.8 MPa) and high flexural modulus (10.2-13.5 GPa).
Statistical analysis (ANOVA) showed that there were no significant differences among all the experimental resin composites in terms of photopolymerization time, operation time, flexural strength, and flexural modulus, except for the photopolymerization time of CR-1 (p<0.05).
CR-5, which contained a novel ternary photoinitiator system of CQ-APO/Tin Lau/TMDPO in Bis-GMA matrix resin, exhibited the highest flexural strength (133.8 MPa) and modulus (13.5 GPa), coupled with a short photopolymerization time (8.8 seconds) but relaxed operation time (130 seconds). In light of the results obtained for CR-5, it could be said that compared to UDMA matrix resin, Bis-GMA matrix resin favorably offered higher mechanical strength with a short photopolymerization time.
DISCUSSION
Synthesis of CQ-APO A photoinitiator having both α-diketone [-C(=O)-C(=O)-] and acylphosphine oxide [>P(=O)-C(=O)-] moieties
intramolecularly, such as a CQ derivative having APO group, is unknown. This study, therefore, synthesized a novel CQ-APO, which had the appearance of a pale yellow crystal (mp: 365K) but nonetheless less yellowish than the yellow crystals of CQ.
All reaction products for the synthesis were quantitatively obtained in 83.0-92.2% yield, and the final yield calculated through the three steps was 
Note: Photopolymerization reactivity scoring system, where A: extremely high photopolymerization reactivity, Photo-time: photopolymerization time, b value: measured immediately after photopolymerization, ΔE, Δb values: measured after one day at 343K (70°C), Values in the same column that are identified with the same superscript letters are not significantly different (p>0.05). Table 5 Photopolymerization reactivity, photopolymerization time, operation time, flexural strength and flexural modulus, and color tone of experimental, visible-light curing dental resin composites 65.8%. After obtaining CQ-APO through the Michaelis-Arbuzov reaction 9, 10) at Step 3, the νC=O absorption band (1776.44 cm -1 ) of CQ-COCl disappeared but the νC=O absorption band (1749.44 cm -1 ) of acylphosphine oxide group was recorded in the FT-IR spectrum, thus, the pale yellow crystal obtained could be identified as CQ-APO. Figure 6 shows a schematic illustration of the mechanism of Michaelis-Arbuzov reaction 9, 10) , which is frequently used in organophoshorus chemistry 10, 13) , between methoxydiphenylphosphine (MDPP) [CH3O-P(Ph)2] and CQ-COCl to yield CQ-APO and methyl chloride.
During this transformation, the phosphorus atom of a tervalent phosphorus [P(III)] (= MDPP) species acts as a nucleophile, which then resulted in the formation of an intermediate alkoxy phosphonium salt containing a new P-C bond 10) . Decomposition of the intermediate by nucleophilic attack of Cl -on the methyl group with concomitant formation of a P=O bond yielded the pentavalent phosphorus [P(V)] compound (=CQ-APO) and alkyl halide 10) . In this reaction, a P(III) atom was thus converted into a P(V) atom, which involved the conversion of >P-O-C linkage into >P(=O)-C linkage 9) (Fig. 6 ).
UV-VIS spectral behaviors of CQ-APO, CQ, and TMDPO
This study investigated the UV-VIS spectral behaviors of CQ-APO, CQ, and TMDPO in dry toluene before and after light irradiation with a Hal curing light (Figs. 3-5 and Table 3 ). The UV-VIS spectrum of CQ-APO before light irradiation showed continuous absorption over a wide spectral range -from near-ultraviolet to visible region within 350-500 nm -with λmax=372 nm derived from acylphosphine oxide group and λmax=475 nm derived from α-diketone group (Fig. 3) . In this study, 2,4,6-trimethylbenzene moiety in TMDPO was replaced with camphorquinone moiety to yield a novel CQ-APO. Both CQ-APO and TMDPO had a [>P(=O)-C(=O)-] bond with an absorption band circa 380 nm.
Before light irradiation, the absorption coefficient of TMDPO was greater than that of CQ-APO, but was considerably reduced to 19.0 M -1 cm -1
(1/353) after light irradiation (Table 3 ). Since the absorption coefficient of CQ-APO (26.0 M -1 cm -1 ) was approximately the same as that of TMDPO after light irradiation, it could be understood that the C-P cleavage of [>P(=O)-C(=O)-] bond at around 380 nm was generated in both CQ-APO and TMDPO. This occurred via an α-cleavage type of photoinitiation mechanism (Norrish type I system) 4, 5) upon light irradiation. Unlike α-cleavage type, in the case of CQ, slow hydrogen abstraction from a solvent toluene does not lead to considerable reduction in an absorption coefficient.
Plausible photoinitiation mechanism of novel CQ-APO CQ-APO possessed both APO group (λmax=372 nm) and CQ moiety (λmax=475 nm) in its structure. Therefore, it was suggested that upon light irradiation, free radicals were generated by two concurrent and parallel mechanisms in CQ-APO: α-cleavage and hydrogen abstraction reactions. 4, 5) , like the photoinitiation mechanism of acylphosphine oxides 7) . In the case of CQ-APO with an electron donating agent such as a tertiary amine, it is also noteworthy that after α-diketone [-C(=O)-C(=O)-] of CQ-APO absorbed the energy of visible rays to convert into an excited state (CQ*-APO), α-hydrogen of tertiary amine would then donate CQ*-APO to form CQ*-APO-amine exciplex (excited state complex). The latter was subsequently decomposed to CQ-APO ketyl radical and free radicals derived from tertiary amines, like the photoinitiation mechanism of camphorquinone 7) . However, unlike an inactivated CQ-ketyl radica l7) , the CQ-APO ketyl radical might undergo C-P cleavage to form free radicals (Fig. 7) .
At this juncture, kinetics of free radical generation rate derived from both α-cleavage of APO group and CQ moiety with donating agents in the CQ-APO structure is unknown, and may be complicated. To gain more insight into the kinetics of photoinitiation mechanism of CQ-APO, it is expedient to conduct electron spin resonance (ESR) spectroscopy with quantum yield measurement. Relationship between color tone and spectral absorption or molecular structure On color tone, both CQ alone and physically mixed CQ/ TMDPO exhibited large b values of 84.0 and 87.8 respectively. On the contrary, it was surprisingly found that CQ-APO, which CQ moiety and APO group were bound intramolecularly, exhibited an excellent color tone with a small b value of 4.0 (Table 4) . On color stability, CQ-APO also fared well by yielding lowmagnitude color difference data for ΔE and Δb. As for all the experimental resin composites containing CQ-APO, small values were obtained for the b, ΔE, and Δb parameters (Table 5 ). In light of these results, it was apparent that CQ-APO resulted in considerable improvement in color tone.
On the relationship between color tone and spectral absorption, it is known that a substance which absorbs light in the visible region (about 400-800 nm) reflects a color whereas a substance which absorbs light in the near-ultraviolet region does not reflect any color. On this premise, CQ appeared yellow whereas TMDPO had a colorless appearance.
For CQ-APO, when maximum absorption occurred at λmax=372 nm in the near-ultraviolet region, a colorless appearance was presented like TMDPO. However, for absorption in the visible region at λmax=475 nm, a color was reflected.
When the absorption coefficient of CQ-APO was compared with that of CQ at around 470 nm, the former was about 1/5 that of the latter (Fig. 4) . Owing to this considerable difference in the absorption coefficient values, CQ-APO appeared as a very pale yellow crystal as compared to the intense yellow appearance of CQ, thereby, it was presumed that CQ-APO yielded a b color parameter of very small value.
On the relationship between color tone and molecular structure, the color tone of CQ-APO might be inherently produced by the intramolecular binding of both α-diketone and acylphosphine oxide groups. In Fig. 8 , the stereochemical structures of CQ and CQ-APO containing the α-diketone group [-C(=O)-C(=O)-] from the views indicated by arrows a and b are illustrated. In a stable structure in potential energy, α-diketone group of CQ is given a plane structure (Fig.  8b) . However, the α-diketone group of CQ-APO has a slightly strained structure (Fig. 8a) . It was thought that the slightly strained structure of α-diketone group in CQ-APO might be instrumental in yielding a small b value for the yellow shade.
Photopolymerization reactivity, photopolymerization time, operation time, flexural strength and flexural modulus Physically mixed photoinitiators, namely CQ-APO/ EDAB, CQ/EDAB, and CQ/EDAB/TMDPO, exhibited short photopolymerization time and excellent photopolymerization reactivity with both dental Hal 4,5) radicals and hydrogen abstraction process to form CQ-APO ketyl radical and free radicals via the formation of CQ*-APO-amine exciplex. Moreover, the CQ-APO ketyl radical might further undergo α-cleavage to form free radicals. In a stable structure in potential energy, the α-diketone group of CQ-APO has a slightly strained structure while that of CQ has a planar structure.
and LED irradiators. However, the operation time of CQ-APO/EDAB was significantly longer than that of CQ/EDAB or CQ/EDAB/TMDPO (p<0.05). For CR-5, the experimental resin composite which contained a novel ternary photoinitiator system CQ-APO/Tin-Lau/TMDPO in Bis-GMA matrix resin, it exhibited excellent photopolymerization reactivity with both dental Hal and LED irradiatiors. Besides short photopolymerization time and relaxed operation time, CR-5 also exhibited the highest flexural strength (133.8 MPa) and flexural modulus (13.5 GPa). Therefore, it seemed that with the novel photoinitiator systems of CQ-APO/EDAB and CQ-APO/Tin-Lau/TMDPO, they underwent not only α-cleavage type of photoinitiation mechanism, but also the hydrogen abstraction mechanism initiated by electron donating agents (such as tertiary amine or dibutyltin dilaurate) in CQ-APO with to generate several kinds of free radicals (Fig. 7) .
In the present study, it was surprisingly found that the novel photoinitiator systems, CQ-APO/EDAB and CQ-APO/Tin-Lau/TMDPO, in experimental light-cured unfilled resins and resin composites overcame the antinomy of high photopolymerization speed versus reluxed operation time until gelation under ambient light.
It was thought that one reason of this phenomenon was attributed to the unique spectral behavior of CQ-APO, exhibiting continuous absorption over a wide spectral range from near-ultraviolet to visible region at 350-500 nm, with a unique photoinitiation mechanism of CQ-APO including both α-cleavage and hydrogen abstraction initiations.
However, because of data limitations in this study, the reason why novel CQ-APO/EDAB exhibited such a phenomenon for its photopolymerization performance could not be logically explained. Therefore, further investigations to explore and understand the fundamentals of this phenomenon should be carried out.
This study investigated the UV-VIS spectral behavior and photopolymerization performance by virtue of a novel CQ-APO, consequently achieving an invention termed as "Camphorquinone derivative having acylphosphine oxide group, and containing the same, photopolymerization catalyst and photo/chemical polymerization catalyst, and containing these, hardenable composition" 14) . All the findings in this study were gleaned from the research studies for the invention.
CONCLUSIONS
Based on the findings obtained, the following conclusions were drawn:
1. A novel photoinitiator, 7,7-dimethyl-2,3-dioxobicyclo[2.2.1]heptane-1-carbonyldiphenyl phosphine oxide (CQ-APO), was synthesized at 65.8% yield (calculated through the three steps of synthesis) with the appearance of a pale yellow crystal (mp: 365K).
2. The UV-VIS spectrum of CQ-APO showed continuous absorption over a wide spectral range -from near-ultraviolet to visible region within 350-500 nm -with λmax=372 nm derived from acylphosphine oxide group and λmax=475 nm derived from α-diketone group. 3. Experimental, light-cured unfilled resins and resin composites comprising CQ-APO exhibited excellent color tone (pronouncedly lower b value than CQ) and mechanical properties, as well as excellent photopolymerization reactivity with reluxed operation time under ambient light.
